Azobenzene (AZ) is considered to be a prototype molecular switch. Its photoisomerization is the basis for many functional materials with applications in photonics 1 and data storage, 2 as a trigger for protein folding, 3 and as probes of local environment. 4 Although the isomerization proceeds without detectable side reactions, the quantum yield (φ isom ) displays an unusual wavelength dependence, which violates Kasha's rule. 5 The excited-state relaxation mechanism underlying this wavelength dependence is still disputed. 6 We have discovered a new and hitherto uncharacterized excited electronic state, which helps to resolve this controversy.
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Here we apply femtosecond (fs) time-resolved photoelectron spectroscopy (TRPES), 7 supported by excited state ab initio molecular dynamics (AIMD), 8 to AZ photoisomerization. TRPES has been demonstrated to disentangle electronic from vibrational motions in excited states and has been applied to problems such as excited-state proton transfer and molecular electronic relaxation. 7 Jet-cooled AZ was excited with a 100 fs laser pulse tuned over the 280-350 nm wavelength range. The excited molecules were probed by ionization with a delayed 207 nm, 100 fs laser pulse. The resulting photoelectron spectrum was measured in a time-of-flight magnetic bottle spectrometer. 9 In Figure 1 , we show a TRPES result for 330 nm excitation. The decay of each energy-integrated photoelectron band yields information about the lifetime of the excited-state involved (see Figure 2 , top). The time-integrated photoelectron spectrum allows the identification of the ionic states involved in the ionization process (see Figure 2 , bottom). Using Koopmans' theorem, this information can help to identify the nature of the corresponding excited states. 10 Two photoelectron bands R and with distinct lifetimes were discerned in all TRPES spectra recorded in the wavelength range of 280-340 nm. We deconvoluted bands R and assuming exponential rise and decay for each band. The 330 nm data in Figure  2 (top) shows laser-limited rise and 170 fs lifetime for band R and laser-limited rise and 420 fs lifetime for . The immediate rise of R and shows that both bands are due to direct photoexcitation from the ground state and not to subsequent processes in the excited states. The different lifetimes of the bands indicate the existence of separate decay pathways, likely associated with two electronic states. Other examples for such multistate excitations with distinct relaxation pathways can be found in the literature. 11 The photoelectron spectra shown in Figure 2 (bottom) yield vertical ionization potentials of 8.6 and 9.6 eV for the bands R and , respectively. 12 These values are close to the previously reported vertical ionization potentials for the first (D 0 ) and third or fourth (D 2 , D 3 ) ionic states 13 and R and were assigned accordingly. The electronic character of the ionic states is known and we assigned the ionization correlations based on Koopmans' theorem:
As discussed below, we assign R to the ionization of S 2 and to the ionization of S 3 or S 4 (S 3,4 ). The measured decay times of 170 and 420 fs are thus related to the lifetimes of S 2 and S 3,4 .
Multireference ab initio and DFT calculations confirm the existence of three near-degenerate ππ* states (Table 1) . 14 In the lowest state S 2 (π NN π*), the excitation is delocalized over the molecule and leads to antibonding character in the NdN double bond. The next two states S 3,4 (π φ π*) involve localized excitation in the phenyl rings. One is optically dark by symmetry ( 1 A g ) and can derive intensity only through vibronic coupling. 15a The other is optically allowed ( 1 B u ) and has not been previously considered in the S 2 wavelength range. Although the calculated oscillator strengths for S 2 and S 3,4 given in Table 1 are very sensitive to the geometry (see Supporting Information), the experimental results in Figure 1 indicate that they must be of similar magnitude.
The presence of two absorbing ππ* states in the energy region hitherto associated with only one can explain the conflicting reports about the reaction coordinates involved in the excited-state relaxation. Three key results in the AZ literature must be explained by ‡ Steacie Institute for Molecular Sciences, National Research Council of Canada. † University of Illinois. any successful model of the ππ* state relaxation: (A) the violation of Kasha's rule, i.e., φ isom ≈ 25% for S 1 (nπ*) but φ isom ≈ 12% for the higher lying ππ* state(s); 5 (B) inhibition of the torsional coordinate in sterically restrained AZ increases φ isom of the ππ* states to a level identical to that observed for S 1 photoexcitation; 5, 16 (C) the observation of efficient relaxation of S 2 (ππ*) to the S 1 state in planar geometry. 17 A relaxation pathway assuming torsional motion in S 2 was suggested by Rau et al. to explain results (A) and (B). 5 Several time-resolved absorption studies were interpreted with similar models. 18 Theoretical studies supported the existence of a torsional relaxation pathway but disagreed on the states involved in the excited-state relaxation. 15 The torsional relaxation pathway, however, would lead to a twisted conformation in S 1 after internal conversion, in contradiction with result (C).
On the basis of result (C), Fujino et al. presented a different relaxation scheme, assuming the complete absence of a torsional relaxation mode. Result (A) was explained by the presence of an additional unspecified relaxation pathway for high vibrational levels in S 1 . It is difficult, however, to completely reconcile this model with result (B) and with the observation of constant φ isom across the S 1 absorption band. 5 Considering our evidence for a second optically bright state, we developed a new model for the relaxation of the ππ* states ( Figure  3 ). The S 2 (ππ NN *) state with a lifetime of 170 fs described here is identical to the short-lived S 2 state (∼110 fs lifetime) recently observed and internally converts to S 1 in planar geometry (result (C)). 17 We expect the subsequent relaxation of S 1 to follow Kasha's rule and yield φ isom ≈ 25% for the population in S 2 . Different relaxation dynamics are observed in the TRPES experiments for S 3, 4 , indicating a different relaxation pathway. To explain result (A), we have to assume relaxation of S 3,4 with reduced isomerization yield. The ring-localized character of S 3/4 suggests a relaxation pathway involving phenyl-ring dynamics. This could involve torsion and lead directly to the trans-AZ ground statesexplaining both results (A) and (B).
AIMD simulations 19 starting from the Franck-Condon geometry in S 2 agree with result (C) and our model and predict that the molecule quickly (<50 fs) samples geometries near conical intersections while still in a planar geometry with no evidence for torsion or inversion. For S 1 , AIMD simulations predict that a conical intersection involving inversion is approached within 50 fs.
In conclusion, we have identified two bright, near-degenerate ππ* states for AZ with distinct electronic character and decay dynamics. The dissimilar lifetimes of these states suggest different relaxation pathways. The S 2 state involves excitation of the NdN bond and quickly decays to S 1 , retaining planarity. The S 3,4 (ππ φ *) state involves phenyl ring excitation and a different relaxation pathway, leading to a reduced φ isom . Our experimentally derived model for the AZ photoisomerization is supported by theory and provides a simple resolution of apparently contradictory results in the literature. a Note the distinct electronic character of the delocalized (πNN f π*) excitation versus the phenyl ring-localized (πφf π*) excitation. b Stateaveraged (five states) complete active space with 10 active electrons in 10 orbitals at SA-1-CAS(10/10)/6-31G optimized minimum with C2V symmetry. c Internally contracted CASPT2/6-31G at CAS minimum. 1s orbitals of C and N are not correlated. d B3LYP/6-31G at the B3LYP/6-31G minimum. Figure 3 . Proposed electronic relaxation pathways for S2 and S3,4: S2 f S1 internal conversion occurs with τ ) 170 fs at planar geometry. Subsequent relaxation S1 f S0 is expected to follow Kasha's rule with φisom ≈ 25%. The S3,4 state with a lifetime τ ) 430 fs has a different but not fully characterized relaxation pathway to the trans isomer in S0, explaining the reduced φisom ≈ 12% observed for the ππ* states.
